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AAS 93-552

Attitude Control of the Cassini Spacecraft During
]Dropulsive Maneuvers

l’aul J. bright*

“]’hc.  Satllrll-bolllld  (hSShli SpNXCIIifl  pCrfOHIM tHijCCKM’y correction maneuvers
using either the 0.6 N hydriwinc  thrusters of the rcaclim  control sysIcm (1<(:S)
or OIK of the two gimbalcd  490 N bipropcllant  maia engines. Preliminary
dcsigm  arc prcscntcd for the algorithms which control the spacecraft attituclc
during  thmc pmpulsivc  n~amwcrs, and also control maneuver tcrminatim. The
KS algorithm maintains the burn dircc~ion  by off-pulsitlg  the Av thrusters, and
cslimaks  the Av magniwlc by nmni[oring  thrusfcr  activity. ‘1’hc main cngillc
algorithm is a thrust vector conrrol  (1’VC) schcmc which articulates the sclcckd
cn~inc  to stabilim  the spacemft altitude and maintain thrust vector poiuting.
l;or  this case Av magni[udc data is available from an intcgratiilg  accclcromctcr
and is used for closed-loop bum termination. 1 ‘or both algorithms, simulated
pcrfonnanm  is compared to tlIc naviga(ioll  rcquircmc[]ts.

INTROI)UCTION

“JIM Cassini spacwraft (IGg. 1 ) is designed for a four-year orbital tour of the Saturn
systcm, with delivery of the I lU ygcm  I>robc  (lSA) into the atmosphere of Sat urn’s largest
moon, Titan. Cassini is schcdu]cd  for an October 1997 launch on a ‘J’itan  1 V / Centaur
upper stage combination. I’hc mission design includes gravity-assist flybys of Venus,
Earth, and Jupiter, and eventual rcndc~votrs  with Saturn in June 2(Kk$. ‘1’hc interplanetary
cruise Irajcctory requires a large maneuver bctwcx-m the Venus flybys, and as many as
twenty smaller trajectory crmcction  maneuvers (’1’CMS) for navigation. ‘1’hc orbital phase
begins with the long Saturn-m-hit insertion burn just af(cr pcriapsc,  followed by a pcriapsc-
raising maneuver at apoapsc,  which establishes the initial tour orbit. “l”hc probe is rclca.scd
on a “1 ‘i tan i rnpact  trajedory,  and after performing a small dcf]cction  maneuver, the orhitcr
records tbc pmbc data as it enters ‘1’itan’s  atnmphcrc. ‘1’hc orbital tour include-s many small
TCMS, targeting the orbiter for flybys of ‘1’i~an  and the icy satellites Rhea, Dionc, ]apctus,
and lincc]adus.1

‘1’hc bulk of the maneuver Av required for the mission is clclivcrcd  by the (sclcctcd)
main engine, a 490 N bipmpcllant thruster, which burns MM I 1 and N204. (There arc two
identical main engines for redundancy.) At launch, the total bipropcllant load is 30(K) kg,
which is a bit over O% of the spacecraft’s launch mass. The .scparatc Rcac~ion  Control
Systcm (RCS) consists of sixteen 0.6 N monopropellant thrusters (eight  redundant pairs)
fcd by a sing]c  tank which contains 132 kg of hydraz,inc at launch. “J’hc RCS is used for
-.. —.
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Fig. 1 The Cassini  S p a c e c r a f t

cruise atlitudc control and for Inomcntum managcmnt  during the orbital phase when the
reaction wheels arc in U S C. ‘l-hc Z-facing RCS thrus[crs  arc also used for small A v
m ancuvcrs.

‘l’his paper dcscribm preliminary dcxsigns  for the RCS Av algorithm and the main engine
Av algorithm. ‘l%csc  algorithms control the spacecraft a[titudc  during the maneuvers and
also control maneuver termination. 1 ‘irst, the overall architecture of the attitude control
systcm is prcscntcd,  follmvcd  by descriptions of vchiclc dynamics and sensor modc]s.
Next, the design of each algorithm is prcscntcd  separately, including actuator models,
control law synthesis, and margin analysis, with special at[cntion  paid to interactions with
structural flexibility and pmpcllant  dynamics. Con~l~~o]]-platforll~  simulation rcsu]ts arc
pmcntcd  and evaluated in the context of the maneuver crmr specifications required by the
navigation group.

A’J’T1’1’[JD1l  CONTROL ARC I 11’lTXYI’[JRE

“1’hc  attitude control software has bcm organized as a collection of “objects,” with
carefully managed data flow bctwccn  thcnl.2  l;igurc  2 depicts the subset of these software
modules which support Av maneuvers, and provides a u.scful format for (discussing the
Overall systcm architecture. “1’hc Attitude Ilstimator maintains a 3-axis attitude estimate
using data from the lncrtial Rcfcrcncc  ~Jnit  (1 RIJ) Manager, which is the intcrfacc  routine to
the gyro package. This estimate is updated using cclcstial  rncasurcnmnts  provided by Star
ID, which is the intcrfacc  to the star tracker. A sin~lc intcgratinx  accclcmmctcr provides an
estimate of the Av along the spacecraft 7.-axis.
spacecraft attitude quatcrnion (with respect to

‘I%c Attfiudc  ~stimator  sends ‘the current
the inertial J2000 frame), qe, and angular
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Fig. 2 Control Archilccture

vcloci(y,  oe, to the Attitude Controller, along with an estimate of the accumulated Av. ‘1’hc
Attitude Controller compares this data to the commands coming  from the At[itudc
Comrnandcr,  and takes the appropriate action. “1’hrustcr  commands arc sent to the PMS
Manager, which interfaces to the electronics which drive the valves of the Propulsion
Module Subsystcm. During main engine burns the Attitude Controller also sends engine
at~iculation commands to the EGA Manager, which interfaces to the clcclronics  which clrivc
the I@inc  Gimbal Actuators to provide the rccpmstcd thrust vector, T.

A functional breakdown of the Attitude Contro]lcr object is dcpictcd  in I~ig. 3. “1’hc
crmr generation function derives the single-axis attitude and rate crmr 3-vectors, p and r, as
follows:

p=z~ (1)
r ~mc-oe (2)

where & is the modified error rotation veztor  computed from the crmr quatcrnion:

<i= [qe’c]i s~n([qc’c14) (3)

with qC’c = qC(qC)*  (’I”hc asterisk denotes conjugation, juxtaposition denotes quatcrnion
multiplication, and [ ]i denotes the i~ c]cmcnt.) The attitude crrnr p is accurate only for
small angles, but never singular. “J’hc single-axis errors arc passccl on to the active
ccmtrollcr,  either the RCS Av algorithm, or the main engine Av algorithm, which arc
di.scusscd in detail below. (Note that Fig. 3 shows only these maneuver modes, cxcludirrg
both the RCS attitude control algorithm which controls the spacccraf[ attitude during the
intcrp]anctary cruise phase, and also the reaction whed attitude control algorithm, which
operates during the orbital pha.sc.)

“1’hc Attitude Ccmtrollcr  also compares the estimated maneuver Av to the commanded
Av, and terminates the maneuver appropriately. ~“hc estimation of the maneuver Av and
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Fig. 3 Attitude  C o n t r o l l e r

also the termination logic  arc cliffcrcnt for the two algorithms, and the designs arc discussed
separately below. -

V]t]]]C],l;  ]}YNA~~]CS

‘1’hc snacccraft  structure is designed around the propulsion module, which houses the
two bipr~pcllant  tanks (cy]indricaf  with hcmisphcr-ic  ficads) in a stacked configuration.
};ach tank includes a pmpcllant management dcvicc  (PM])), which exploits surface-tcnsicm
forces to control the propellant ccntcr-of-mass  under quicscwnt  conditions. l’hc upper and
lower equipment modules attach to the propulsion tnodulc (I~ig.  1), forming the central
structure of the spacecraft, which can bc considered rigid in this analysis. Most of the
longcron-supported equipment is also very stiff, with rcsmiant  frcqucncics typically 10 IIz,
and above. Exceptions arc the 10-meter magnctomctcr boom, whwsc first bending mode is
constrained to bc above 0.7 Ilz,  and the three light RI>WS antennas, with first bending
modes near 0.13 I Iz,.

For the current study, it is adequate to model the spacecraft structure as a rigi(i
“bascbody” with a spring-restrained appendage for the mag boom, the 1 kg RPWS
antennas not being large enough for concern. ‘1’hc mag boom spring constant is cho.scn  to
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match available finite-clcmcnt data, and the damping is amplitu(ic  dcpcndcnt,  ranging from
().25% at small amplitudes 101 % at large amplitudes. (This is based cm e.xpcrimc.ntal (iata
from the Galikm  mag boom, which is similar.) lior R(3 Av’s, the bipropcllant is nuxiclcd
as spring-restrained masses, each attachcti to a point along the ccntcrlinc. of the
corresponding tank, which mimics the “ccntcring” effect of the PMD in the low-g
environment. Spring constants and attachment points arc derived from quasi-static data
gcncratcd using a program which SOIVCS  for minimal surfaces in the prcscncc of surface
tension and gravity.3  This “low-g” model has frcqucncics  near 0.01 IIz,, and damping
estimates anywhere from 0.2% to 5%. “J’he relatively high acceleration associated with
main engine Av’s makes surface tension forces irrclcvcnt, and the bipropcllant is mociclcd
as pendulums with mass, Icngth, and attachment point computed using potential flow
solutions. (Analytical rcsultsd arc supplcmcntcd by 0:1>  results where possible.) lJn(icr
the main emginc accclcration,  the bipropcllant  pendulums “slosh” near 0.1 IIz. I~or
simulation, the systcm  equations of motion were gcncratcd by a symbolic manipulation
coctc.s In future studies, a higbcr-fidelity model will bc u.scd, which incorimratcs the mag
boom an(i RPWS flexible mmics (as wcli as any other significant ftcx modes) into a central
flexible bascbody.b

A“l’TITUDIt IWTIMA”JION

‘1’hc strap-down intcgratirrg  gyro package is mounted to the upper cquiprncnt module
(}’ig. 1). Every computational cycle (125 ms) the gyro manager rca(is the time-tagged
angular increments accumulated since the previous reading. (One pulse corresponds to 8
prad of rotation.) The attitude estimator propagates the spacecraft quatcrnion  usirlg a
second-order expansion of the quatcrnion kinematic equation, and derives rate using the
first-or(icr diffcrcncc. The dynamics of the gyro rcbalancc loop arc mwiclcd as a damped
second-order syslcm  with a 5 }Ix, ban(iwi(ith, an(i an integral pole at 0.51 IY,. White noise
inputs in acceleration and rate integrate. to rate and position random walks. Although the
simulation model includes the pul.sc-gcncraticm logic, the lincarimd “design moclcl” ignores
the quantizaticm  altogether, 8 pra(i being negligibly small in the maneuver cnvircmmcnt.

]Iuring  ]{CS Av’s, the spacecraft is in “cclcstial-inertia]” mode, with the gyro-
propagatcd  attitude estimate being updated once a second by prcfiltcrcd  cclcstial
mcasurcmcnts  from Starl I1. Cclcstiat updates may not bc available during main engine
Av’s duc to the relatively high spacecraft rates. As a result, for long main engine burns, the
integrated gyro crmrs dominate the Av pointing error bu(igct.

TURNS-TO-BIJRN

IJor RCS Av’s, the thrust acceleration is along the spacecraft -Z-axis. Prior to the burn,
the spacecraft must bc rcoricntcd to point the -Z-axis along  the Av vector rcqucstc(i  by the
navigation team. This can bc done using either the, RCS attitude controller, or the reaction
wheel attitude controller. Por RCS turns the usc of unbalanced thrusters results in a “turn-
rcsidual”  Av, whose rnagnitudc and orientation depends on the turn rate an(i geometry.
‘l’his Av is factored into the maneuver design, and also the cxpcctcd prediction error is
included in the rnancuvcr  accuracy bu(igct. (Significant uncertainties arise duc to
interaction with the sloshing bipropc]lant.)  }+’or main engine burns, the situation is similar,
with the cxccption that the rnancuvcr attitude must point the “prc-aim” vector at the Av
target. The prc-aim vmtor  is from the sclcctcd main engine to the ccntcr-of-rnass,  and
defines the initial engine articulation.

5



RCS AV

RCS burns arc initiated by firing the four Z-facing RCS thrusters. “1’hc X and Y
at~itudc is maintained by “off-pulsing” these thrusters, while the Z-axis is controlled by
pulsing the X-facing thrusters which arc arranged in coup]cs.  }ior the X and Y axes, the
primary disturbances arise from the ccntcr-of-mass  offset from the Z-axis, and thrustcr-to-
thrustcr  performance variations. For rotation about the Z-axis, the only significant
disturbance is duc to the misalignmcnt$  of the Z-facing thrusters.

“J’hc single axis position and rate errors, pi and ri from cqs. (1) and (2), arc combirmd
with a lead time constant kr:

~i E pi + k,ri (4)

and then low-pass filtered. (’I’hc Z,-axis error is not filtered.) ‘1’hc filtered errors drive the
bang-bang control logic  to produce torque polarity requests (-1,0, or 1 for each axis):

llj ~ sgn(ci)  if lCil  > dj , CISC Ili ~ () (5)

where d; is the dcadxmc  half-width. l’hc torque polarity requests arc then proccsscd  by the
thruster selection logic defined by the tables in Fig. 4. “J”hc thruster nomenclature is as
shown in the figure to the right, which shows the spacecraft vicwccl from the + Z clircction.
(’I’hc Z thrusters arc spraying hydrazinc toward the viewer.) Note that an X or Y (Icadmmc
violation alone cau.scs a pair of 7. thrusters to off-puksc,  while a combination results in off-
pulsing of a single thruster. Z dcadzonc violations result in pulsing X thruster couples.

‘1’hc low-pass filtering of the X and Y error signals was introduced to prevent high-
frcqucncy chatter about a switch line duc to the prcscncc of the constant disturbances from
the ccntcr-of-mass  offset. ‘1’hc filtering results in longer off-pulses, itnproving  thruster
efficiency and reducing the nutnbcr  of thruster valve actuations which is considered 10 bc a
“consumab]c.” The current .sccond-order filter design has a pair of undcrdatnpcd  poles at ]
rad/s.  Although the contro]lcr runs every 125 mscc, the hardware supports scheduling of

H/v off-pulse (125 m s )
Y=-1 Y=fi—-.. .— v: +1—-.—— _

%=-1 Z4 Z30Z4 Z3 –

X=8 ZIC’Z4 none Z2DZ3
%=+1 Z1 ZIC’Z2 Z2

Z on-pulse (25 rns)
7=-1 z=_o Z=+l—.-
H?OH4 none H1OH3

X2

Y

t

x

X3

Fig. 4 Thmstcr  Selection I.ogic
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thrus(er  valve commands to a much finer resolution. “1’hc PMS manager has been designed
to accommodate not only “on” and “off’ commands, but also commands of the type “on for
t mscc.” I@ X and Y axis control (A thrusters), the “off’  command is used, since the 125
mscc resolution is more than sufficient, and typical off-pulses last several seconds.
1 lowcvcr, Z-axis control (X thrusters) uses the “on fort m.see” format with t set to provide
the minimum impulse bit which the thruster can support. ‘l’his minimixcs wasteful Iwo-
sidcd limit-cycle activity in the low-clisturbancc  environment,

It has been assumed [hat the computational delay bctwcm  reading of the gyros and the
subsequent issuance of thruster valve commands is the entire 125 mscc cycle, although this
is expected to improve considerably as the software and processor performance become
better defined. The only other significant time delays arc Ihosc associated with thruster
transicmts,  and arc cxpcctcd to bc on the order of 1 W mscc. ‘1’hc current value chosen for
the lead constant kr of cq. (4) is 3 seconds, so rigid-body stability is not an issue. There
arc a few non-rigid dynamics concerns, namely the low-g bipropcllant slosh modes near
0.01 ]Iz, and the lightly-damped magnetometer boom bending mode at 0.71 lz. For the
Cassini geometry, the low-g slosh modes arc “stably-interacting” in the RCS Av mode,
meaning that they arc stabilized by a controller of the proportional-plus-derivative type with
no significant actuator dynamics or time delays. (In ~cncral,  for control with unbalanced
thrusters, internal flcxibilitics  can be unstably-interacting.7) Because timing delays
contribute a negligible pha.sc lag at low frcqucncics,  the modes arc not a concern from a
stability point of view, although they do cause significant disturbances during and after
turns, and somewhat corrupt the predictability of the turn-residual Av. Although
appendage-type modes like the magnctomctcr  boom bending arc stably-interacting, they can
bc dcstabili~cd  by actuator dynamics and timing delays. ‘J’hc phase lag duc to the 125 mscc
computational delay combined with a 100 m.sc. tbrustcr  lag is already 57° at the mag boom
frequency of 0.7 }Iz. The low-pass filtering of the X and Y errors alleviates this concern
somewhat, effectively gain stabilizing the bending moclc. The situation can be quantified
by replacing the bang-bang controller with its describing function equivalent gain. 1 ztting
Ml be the X-axis moment from the ZWA combination, the equivalent gain is:s

(6)

With the rigid body plant and tbc lead compensation only, the open-loop transfer function
bccomcs:

(ks+])k~I,(s) = - ~ , \2
L

(7)

k,kh
and for hi,gh frc~ucncies, say 0>1  rad/s,  the gain is approximately - j~ . l;or two 0.6 N

thrusters at a 1.57 m moment arm, Ml = 1.88 Nm. I’he dcadzonc of 2 mrad results in k~ =-
598 Nn~/rad. LJsing the, end-of-mission X-axis l~~onlcI~t-of-il~crtia  of 5378 kgmz, tbc gain
at 0.71 Iz, becomes 0.076, or -22 db. NAS1’RAN data (with the assumed 0.25% damping)
indicates that the bending mode has a peak of almost 30 db. “I”hc low-pass filter contributes
-13 db attenuation at the mag boom frequency, but this leaves  only 5 db of margin. The Z-
axis situation, with no filtering, is still phase-stable (the nominal delays arc not large
enough to kill the 9(Y’ of lead from the rate gain), but possibly sensitive to thruster
characteristics. ‘l”hc whole picture needs to bc rc-as.scsscd  as timing estimates and thruster
data become available. Alternate schcmcs to extend off-pulse durations (without filtering)
arc currently being invcxstigatcd.  A particularly attractive approach would bc to manipulate
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pu]sc  sizes using a disturbance estimate, which may also bc useful during RCS attitude
control.

“J’hc accclcromctcr  bias is probably not sufficiently stable to provide an accurate Av
estimate during RCS burns. (’I’hc accelerations arc as low as 50 pg.) lnstca(i,  Z.-thruster
activity is monitomd and the thrust impul.sc is estimated as a function of total on-time and
number of mdoff  switches. “J’hc low-pass filtering keeps the off-pulses large enough so
t}~at tail-off transients from an “off” command arc not interrupted by a subsequent “on”
command, and this keeps this schcmc simple and accurate. As thruster test data hccotncs
available, this model may bc cnhanccd  to capture the slow incrcasc of the steady-state thrust
ICVC1 as the thrusters warm up during the tour.sc of the maneuver.

“1’hc RCS controller was integrated into a common simulation platform built around the
multi-body spacecraft dynamics model. “J”hc thmstcr  model uscs exponential force profi]cs
ba.scd cm the rise-time and tail-off specifications. Also included were preliminary versions
of the PMS Manager and the Attitude F.stimator, along with the gyro model. 1 jig. 5 shows
tbc attitude errors pit for a lo-minute burn, which imparts 0.5 nds to the spacecraft. Note
the higher frequency activity on the Y-axis, which is duc to the large X ccntcr-of-mass
offset. I jig. 6 shows the Zthrustcr  activity over the first minute.
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“J’ablcs 1 and 2 summarize the maneuver error budgets, which arc 30 errors  for an
assumed normal distribution. Magnitude errors arc along  the target Av, while pointing
errors arc orthogonal. The errors arc further broken down into contributions which arc
fixed in size, and those which arc proportional to the Av magnitude. Note that the fixed
errors arc dominated by the limited predictability of the turn-residual Av, although this is
clearly not an issue when the turn-to-burtl  is performed on the reaction wheels. The
proportional errors arc dominated by uncertainties in thruster characteristics, namely
performance variations and misalignments.
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error
SQL!K!2

probabilistic turn-residual AV

[type-2 @O.25 deg/s]

impulse prediction uncertainty
uncorrelated
correlated

spacecraft mass uncertainty
maneuver termination resolution
RCS residual rate

TOTAL (RSS)
REQUIREMENT

fixed
~rror (mm/@

3.0 (0.0)+

----
----

----

0.13
0.94
. . ..———

3.1 (1 .0)+
10,5

+ turn performed on wheels

Table 1 RCS Av ha agnitude  Errors (h)

error
SW!!G!2

probabilistic turn-residual AV

[type-2 @O.25 degk]

initial attitude determination
gyro scale factor / misalignments (1 80° turn)

thruster misalignments:
uncorrelated
correlated

basebody attitude control:
X-Y control
roll control

TOTAL (RSS)
REQUIREMENT

fixed
~rror (mm/s\

3.0 (0.0)+”

----
----

-.--
----

..---
----

— .._.

3.0 (0.0)+
10.5

proportional
QU.QMzJ

----

3.56
2.5

2.2
----
----

4.9
6.0

proportional
@rror (mrad]

----

4.0 (5.7)*
1,6 (19.9)*

7.57
5.0

5.0
0.76
. ..—.

11.2 (23.2)’
25.5 (36.0)’

+ turn performed on wheels
* uncalibrated

Table 2 RCS A v  I’ointing  lhrors (h)
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MAIN l~NGINlt  AV

Iiach main engine is mounted to the “bottom” (+Z) of the spacecraft in a gimbal systcm,
allowing two axes of articulation for thrust vector contro] (TVC) during burns. ‘l<hc third
axis (roll about the thrust vector) is controllcci  using the X-facing RCS thrusters. I/or a
three-axis stabilimd spacecraft, the primary advantage of the gimbalcd  engine ctcsign is that
it eliminates the ncixi  for intcrmcdiatc-simd thrusters dcdicatcd [o attitude control during the
burn. The block-redundant Cassini design also provides single-fault tolcrancc  for the
engine and its gimbal actuators, which must perform as many as 100 burns over the 11-
year mission.

“1’hc main engine Av algorithm first transforms the sing] c-axis position and rate errors,
pi and ri, into a coordinate systcm which has it’s -3-axis aligned with the prc-aim vcctor,~O.
At launch, the prc-aim vector is the ground cxtimatc  of the unit vector from the main engine
to the spacecraft ccntcr-of-mass,  and the main engine is ariiculatcd along this vector just
prior to ignition. Ilnginc gimbal tclcmctry during the burn can bc u.sccl to update the prc-
aim vector to improve the performance of subsequent maneuvers. 1.ct C bc the rotation
matrix such that the transformed errors bccomc:

(8)

“J’hc 1 and 2 components of the transformed errors drive two single-axis “l”VC contro]lcrs,
which output angular acceleration commands, a =- [al azl””. These arc trans]atcd  into engine
rotation commands P1 and B2 as follows:

(9)

where IR is the upper left 2x2 partition of the incrlia matrix transformed into the “1’VC
coordinates, f is the main engine force,,  and d is the distance from the main engine to the
ccntcr-of-mass.  The small rotations O arc assembled into a unit vector and transformed
back into spacecraft coordinates:

(10)

“l’his commanded thrust vector is passc(i to the EGA Manager, where it is transformed
into a coor(iinatc  systcm  associated with the .sclcctcd main engine. ‘1’hc engine coordinate
systcm has its 1- and 2-axes aligned with engine gimbal axes and its 3-axis along the thrust
vector when the actuators (I;GAs) arc at their null extension. After calculating the gimbal
angles ncccssary to align the engine to the commanded thrust vector, the manager converts
these angles to appropriate actuator extension commands. ‘1.his convcrsicm  is not trivial,
since the actuator/gimbal geometry makes a linear approximation less than acceptable.~

I’hc 3-component of the transformed position and rate errors arc passed to a bang-bang
controller identical to the Z-axis controller u.scd for the RCS Av. A wide dcadz,onc of ~ 10 is
used to prevent unnecessary thruster activity during burn transients. Note that the X-
thrustcr couples provide torque about the Z-axis rather than the thrust vector which may bc
.scvcral  dcgrccs from the Z-axis, although the resulting perturbation to the 1- and 2.- axes is
negligible.

I’hc two single-axis I’VC controllers arc identical, and control about the 1-axis, which
is CIOSC to the spacecraft X-axis, is now prcscntcd in detail. Fig. 7 shows the linearized



model which was used for TVC design. (I;ig. 8 is a blow-up of the block Iabclcd  TVCI.)
As (icpictcd  the outpul of the TVC block is a gimbal angle command, which is dclayc(i,
hcl(i, and passed through a first-order lag to result in the engine gimbal angle. obviously
this is a gross  simplification of the data flow bctwccn TVC and the I;GA manager outlined
above. “l’he first-order lag is intended to bound the phase lag from the EGA servo, which
was dctcrmincd by a detailed simulation of the actuator and the digital servo electronics.
‘1’hc gimbal angle of Fig. 7 is relative to the initial thrust vector orientation, and drives the
spacecraft dynamics model after being augmented by the “prc-aim” error c, which is the
angle bctwccn  the initial engine  thrust vector and the vector  from the engine gimbal through
the system center of mass. (Iluc to mass property uncertainties and various misalignments,
this can be as large as 1° for the first burn.) The spacecraft dynamics model is a cascade of
the transfer functions, evaluated at curtcn( mass property estimates for a 50% bipropcllani
fill. lncludcd arc the mag boom bending mode, the coupled bipropcllant slosh modes, and
the rigid body mode which has bcc.n combinccl  with the tail-wags dog zero associated with
the main engine inertia.g ‘1’hc output of the double-integrator is the bascbody ang]c, which
feeds the 3rd-order gyro model.  At this point the .scn.scd  angle  is sampled and sent to the
controller, along with the back-diffcrcncccl  rate estimate. This is a simplification of the
process which occurs in the atlitudc estimator, the at[itude commander, and the error
generation block of Fig. 3, which is made possible by the single-axis reduction and the
restriction to small errors. Note that it has been awutncd here that the commanded position
and rate arc both zero.

As is evident from Fig. 7, the prc-aim error c comes in as a cons(ant disturbance, and
the s ystcm response to this deserves some attcnt ion. The physics of the problem dictates
that the steady-state situation has the thrust vector pointing through the systcm center of
mass, i.e. y~~ = -c. The ncccssary bascbody pointing error to drive this offset WOUIC1 be O~s
= dk, where k is the position-to-gimbal gain, and the resulting thrust vector would bc
rotated by (1 +1/k)c  with respect to iLs initial orientation. “l’his error is unacceptable, and is
rcmcclicd  by positive feedback of the commanded gimbal angle with a gain of 1 -tk, as
shown in };ig.  8, which makes the steady-state, gain from OC to y equal to -1. This design
was adapted from the analog Mariner 9 design,lo  where it was tcrtncci  “path-guiclancc,”  it
being viewed as a rather dcgcncratc form of the more general “guidance loop” associated
with missile autopilots. The guidance loop adds a zero and a right half-plane pole,
providing 180” of phase shift at low frcqucncics. I’his is necessitated by the fact that the
transfer function from y to the “incrlial”  dlrLISt vector, 0 + y, is non-minimum-phase.

“1’here is a clear desire to maintain the controller bandwidth as large as possible, not
only to minimize the maneuver errors, but also to keep spacecraft rates to an acceptable
ICVC1 during the transient that follows ignition. (This is a problcm parlicular]y  for short
burns, where even a moderate rate following engine cut-off may be difficult for the low-
authority RCS thrusters to cope with.) Sensors and actuators arc flat out to a few IIz,, and
the Nyquist frcc]ucncy  is at 4 I lz, suggesting that the systcm  is equipped to operate up to
().4 IIz or so without difficulty. “l’his is complicatc(i, however, by the prcscncc  of the
lightly-damped magnetometer boom bending mode near 0.7 FIz,. As mentioned above, this
mode is benign in the .scnsc that it intcracLs  stably with an infini(c-bandwidth  PII controller.
But for the systcm  at hand, the pha.sc situation stalls to degrade rapidly around 1 I 17,, with
significant IOSSCS resulting from sensor/actuator dynamics, the need to derive rate by back-
ciiffcrcncing  position, and the proximity of the Nyquist. ‘l’his is cxaccrbatcd  by the
computational delay of 125 msec (an entire sampling period), which at 1 IIz already
contributes 45” of phase lag. “J”his situation prompted a decision to gain-stabilize the mag
boom mode.
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The following design margins wcm a(ioptcd:  30” phase lead over +6 db, and 12 db gain
margin at the mag boom rcsonancc peak, which is 18 db high for 1 % damping. The gain
curve should cross O db at a steep -10 db/oct, flatten out at the lower gain margin to
maintain the phase lead, and then roll off sharply, in this case at -18 dtr/oct.  (’I’his is the
fastest possible cut-off which maintains the stability margins,l 1-12) Ilacking off from the
mag boom requirement, this puts the crossover at 0.1 11x, an ideal location in terms of the
bipropcllant  slosh, since it provides  cxccllcnt  margins for frequency uncertainty (better than
a factor of two in either direction.) A 7th-order compensator was synthcsi  zcd to follow the
Bode cut-off, and then digitized for the 8 IIz sampling. (The symbol Z{ ) in I;ig. 7
denotes a discrete equivalent via bilinear transform.) The continuous version is as follows:

(s2+ 19s+-.036)(s2+ 1 .3s+ 1 )(s+.7)(s+ 1 .6)_
‘ ( S )  = 18.7 ~~ \ j(;i~ ~~~ ] 9~(~;1;2}(S+-i.:O)(S~+  jT$Xs~3.53)(s~k,)i>(s) (11). . . . . . .

Note that the (s+-k,)  term in the denominator removes the effects of the separate rate gain
from the loop transfer function, leaving kr free to be chosen as a prc-filter parameter. (’l’his
can be u.scd to optimally mix the position and rate estimates, which could have different
noise characteristics if StarlD is providing updates.) As indicated in Fig. 8, the DC gain of
the controller is 1 (dcg/dcg).  The guidance loop time constant was .sct to 10 seconds; faster
values intcrfcrc  too much with the phase near cross-over. Figures 9 and 10 show the
complcm open-loop frequency response. “l”he clo.scd-]oop  bandwidth is 0.23 Ilz.

l;vcry computational cycle during the burn the attitude estimator polls the accc]cromctcr
for the Z-axis Av accumulated since the previous read. (’l-he resolution is 0.2 mm/s.)
“]’hcsc arc summed, and the total is divided by the cosine of the ang]c bctwccn t}~c  Z-axis
and the prc-aim vector. This compensated cstimale is passed to the Attitude Controller,
where it is compared to the commanded Av magnitude. The controller calculates the “burn-
time-to-go” based on the remaining Av and nominal thrust ICVC1  and spacecraft mass.
When t}~is is ICSS than a computational cycle, the controller schcdulcs  main engine valve
closure accordingly. Note that sometime prior to the main engine burn the Accclcromctcr
Manager is commanded to autonomously calibrate the bias error by reading data during a
quicsccnt  period, and making the. necessary adjustment.

Crn Offset

Yc I Y1 0 052s2+  004w 1- - -
0.036s+  1 0.04ss2+.004s+  1

lKiA SI.21V0 mag boom _—.-_---: _.—

(I)c biprop
slosh

7-1 I
Oc -37

r 1118s+3102
rate ml .132[0.0013+  $ ]

1’=125  ms s~+44.6s2+l 118s+3102
gyro / all. est. rigid body / I“WIJ

Fig,  7 TVC 1 lllock D i a g r a m
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“1’hc  coJItrollcr  was intqyatcd  into the simulation platform with the hardware Inodcls
and managers mentioned above for RCS Av’s, anti with the addition of the EGA model and
a preliminary version of the ECJA Manager. “J’hc bipropcllant  fill was 50% which pmvidcs
worst-case disturbances, and the pendulums were initialized to 20’ from the Y.-axis, which
was derived from the rcquircmcnt that the PMD control the propellant ccntcr of mass to 5
cm by the cnd of a short “quicsccnt”  period immcdiatcl  y prior to main engine ignition. “J ‘hc
prc-aim error was 10 pcr axis. Also simulated was a 2S0 mscc delay bctwccn main engine
ignition and TVC enable which is ncccssary for power management. The first P101 of l:ig.
11 shows the history of the X-axis orientation angle, which was initialized at 6.2” to align
the prc-aim’cd main engine with the Av target at the inertial coordinates [0 O - 1]. “J’hc Iargc
disturbance from the sloshing bipropcllant  is superposed on the slow guidance loop
rcspon.sc,  which SICWS the spacecraft attitude 10 to compensate for the prc-aim error. ‘J’hc
plot below it shows the spacecraft rate, which peaks out at 0.30/s. The vibration of the
magnctornctcr  boom in r~spon.sc to the translational acceleration from the main engine gives
this dot its “rattv” look. I“hc third plot shows the engine deflection angle, rcfcrcnccd to the
prc-~im oricnta~on. The stead y-st~tc  shift of 10 poi~ts  the engine thrust vector through the
c~uilibrium  systcm mass ccntcr,  and the maximum deflection is almost 2.5° from the initial
orientation, which can bc considered as a 1.5° overshoot. ‘1’hc final plot shows the
combined fixed and proportional Av pointing errors as a function of burn duration. ‘J’hc
curve labeled ‘Lrcquircmcnt”  corresponds to the allocation shown in ‘J’able 4 below. l~ig. 12.
shows similar plots for the Y-axis.
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Tables 3 and 4 summarize the mancuvc.r c.rror budgets. The fixed magnitude error is
due to several sources, including uncertainties in turn-residual Av, main engine tail-off
irnpulsc, and the corruption of the accclcromctcr  data by rotational accelerations. “1’hc
proportional mag.nitudc  error is duc to accclcromctcr  errors. “1’hc fixed pointing error is
dominated by the TVC transient, as shown above in Fig. 10, and the proportional pointing
error is mostly duc to misalignments of the main engine assembly. Vor long burns, gyro
drift becomes an important contributor to Av pointing error (StarlD  data may not be
available), and this case is handled .scparatc]y.

error
SQU.IQ2

probabilistic turn-residual AV
[type-2 @O.75 deg/s]

rotational dynamics / engine articulation
post TVC recovery
propellant slosh
sensing axis misalignment

accelerometer errors:
scale factor
bias
quantization

AV scheduling errors:
valve command resolution
tailoff impulse prediction

TOTAL (RSS)
REQUIREMENT

fixed proportional
error (mnl/s\ Q!KK(%J

9.0 ----

13.2 0.0
11,0 ----
5.8 ----
---- 0.22

----
----

2.5

0.15
0.26
----

0.0 ----
10.0 ----

—— - ..—

22.7 0.37
30.0 1.05

Table 3 Main Engine  AV Magnitude Ihrors (3cJ)
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error fixed
sQU.KX2 prror  (mm/s)

probabilistic turn-residual AV 9.0
[type-2 @O.i’5  degk]

initial attitude determination: ----

gyro scale factor / misalignments (1 80° turn) ----

thrust vector articulation estimation:
EGA / gimbals
engine thrust
PMS to S/C

thrust vector control behavior:
TVC transients
TVC steady-state

----
----
----

37.5 (68.0)”
- - - -

SUB-TOTAL (RSS)
REQUIREMENT

gyro drift (long burn)

TOTAL (RSS)
REQUIREMENT (long burn)

** prior to pre-aim calibration

‘1’aMe 4 M a i n

38.6 (68.6)**
52.5 (105.O)**

proportional
fyror (mrad)

----

4.0 (5.7)*
1.6 (17.9)’

5.3
10.0
5.0

----
1.0

13.2 (24.1)’
21.0

17.1

21.6 (29.6)*
30.0

* prior to SRU/lRU calibration

I~IlgiI~C  AV Pointing Errors (%$)
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